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Modern electric vehicles (EVs) that drive an induction motor (IM) fed by a 
traction inverter are fast gaining popularity due to their simple configuration 
and robustness. The direct torque control (DTC) technique is one of the best 
control methods to drive the IM, especially in open-end winding 
configurations, as it offers more voltage vectors. However, the existence of 
hysteresis controllers and improper switching technique causes larger torque 
ripples that leads to variable switching frequency. The study will be focused 
on the open-end winding induction motor where the direct current (DC) power 
is fed from both sides of the stator windings using the dual inverter 
configuration. To minimize the torque ripples, a simple switching technique 
using the duty cycle control method is proposed by injecting a high-frequency 
square wave into the default inverter switching status to form the new pattern 
of voltage vectors. The effectiveness of the proposed technique is tested 


Torque ripple through MATLAB/Simulink software and validated experimentally with a 
lab-scale setup using a dSPACE controller. The findings show that the 
proposed method reduces torque ripple by over 50% while keeping the DTC's 
simple structure. 
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1. INTRODUCTION 

Induction motor (IM) drives are widely utilized in automotive and industrial applications due to their 
high torque performance and power density. Two different controllers are employed to drive the IM depending 
on its applications. Scalar control is used for low-performance drive systems, whereas vector control is 
preferred for high-performance drive systems. Direct torque control (DTC) is a vector control scheme proposed 
by Takahashi and Noguchi [1] and was based on a hysteresis-based module with several drawbacks, such as 
high torque ripple and variable switching frequency. By using the hysteresis-based controller, the amount of 
voltage applied to the stator depends on voltage vectors that are chosen from a lookup table [2]-[9]. The 
movements of voltage vectors are based on the torque and flux requirements as determined by the hysteresis 
comparators. The hysteresis band itself has an upper band and lower band limit that allow torque to travel 
within the area. The faulty selection of the voltage vector will result in a vigorous and uncontrollable movement 
of torque that leads to overshoot and undershoots within the hysteresis band and causes a large torque ripple 
and variable switching frequency [10]-[13]. 
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In recent years, various strategies have been presented to address these issues. The easiest method, 
known as the adjustable hysteresis band, shown in [14]-[16], modifies the hysteresis band size leading to 
precise torque regulation. However, this method is suitable for small sampling rate devices such as DSP 
controllers and requires complex hardware arrangement. A DTC system with a dSPACE-based controller runs 
at a minimum sample rate of 50us, which causes the torque to rapidly travel between the upper and lower band, 
leading to overshoot and undershoot unconditionally [17]. The direct torque control space vector modulation 
(DTC-SVM) method was also investigated [18]-[21]. Along with the advantages of the DTC approach, this 
methodology assures the inverter switching frequency remains constant while reducing torque ripple. However, 
this technique is difficult, especially in solving the reference voltage space vector equation. A modern method 
that combines DTC with predictive control has been getting a lot of attention because it can reduce torque 
ripple and retain constant switching frequency [22], [23]. However, this system needs the weighting factors to 
be chosen correctly; otherwise, the torque and flux ripple will be larger. Another study [24]-[26] uses duty 
cycle control, which uses an active voltage vector for part of a control period and a zero-voltage vector for the 
rest of the control period. Another new study related to the improvement of dynamic performance in DTC by 
integrating the supercapacitor as the input voltage for the inverter is covered in [27], [28]. 

The application of multilevel inverter-fed induction motors has been widely explored, such as three- 
level cascaded H-bridge inverters (CHMI) [29] and neutral point clamped multilevel inverters (NPCMI) [30]. 
However, these configurations need to require an additional isolated direct current (DC) voltage supply and 
capacitors voltage balancing technique which will increase the complexity of the systems. Another topology 
known as the dual-inverter approach is one of the best topologies as it supplies both sides of the stator windings 
of the induction motor with the power inverter circuits. This dual-inverter method is best known as direct torque 
control using an open-end windings induction motor (QEWIM). The standard single two-level inverter can 
produce two-level voltage inversion using six active voltage vectors and two null voltage vectors. Meanwhile, 
in the OEWIM, the voltage inversion can be further increased as it has a wider range of voltage vectors. In 
OEWIM, the possible combinations of voltage vectors are up to 64 voltage vectors which can be divided into 
short, medium, and long voltage vectors. This feature allows the DTC system to select a proper voltage vector 
that generates a lower slope of torque regulation for each torque and speed demand. 

This paper enhances the previous research in [26] to meet the requirement for a dual-inverter open-end 
winding system. This technique will minimize the torque ripple by injecting the high frequency of squarewave 
in the form of duty cycle control and integrating with the inverter switching status of DTC. This approach is 
straightforward and effective as it improves the torque regulation within the hysteresis band as the new voltage 
vector is now separated into small pulsations, thus allowing the movement of torque in a zig-zag pattern. This 
new pattern will prevent the torque from facing the sudden surge movement that might cause the overshoot 
phenomenon and undershoot condition. The validity of this research is tested using MATLAB/Simulink and 
verified through experimental setup employing dSPACE 1104 board, and it is evaluated with conventional open- 
ended DTC technique. In section 2, the proposed structure of DTC is briefly outlined. Section 3 depicts how the 
torque operates according to the suggested method, and it will cover three types of voltage vectors, namely short, 
medium and long voltage vectors. Section 4 demonstrates simulation and experimental results for the 
conventional and proposed techniques. Finally, section 5 provides the findings of this study. 


2. THE PRINCIPLE OF DTC USING DUAL-INVERTER TECHNIQUE 

The dual-inverter configurations use the base concept of the conventional DTC proposed in [1] with 
some modifications that satisfy the condition for both inverters. The system still used the default 3-level 
hysteresis comparator and the 2-level flux comparator but with different definitions of torque and flux 
calculators and look-up tables that satisfy the condition of inverter 1 and inverter 2. The following equations, 
which are stated in the stator stationary reference frame, are used to characterize each of the subsystems in the 
proposed DTC system in terms of space vectors: 
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where p stands for the number of pole pairs, œw, indicate the rotor electric angular speed in rad/s, L,, L, and Lm 
marks as the motor inductances, andô is the angle between the stator flux linkage and the stator current space 
vectors. Based on (1), the d° — and q* — axis stator flux in a stationary reference frame may be expressed as: 


Ya? = S(sa5- isa t) dt (6) 


Pa? = f (Ysa isq ůs) dt (7) 


this study will use the standard two-level inverter for the dual-inverter technique. In the same situation as the 
conventional two-level inverter, the phase voltage across the stator winding of the dual inverter supplied drive 
can be derived as follows: 


Vaa = Van - Varn ~ Vn (8) 
Vss: = Ven ~ Vern: - Vyn' (9) 
Vece = Ven - Vern: - Vyn (10) 


where the Vyy and Vy: are the poles, voltage measured at every inverter leg and Vyy_ is the phase voltage, and 
X indicates as phase A, phase B, and phase C. The different voltage between two negative rails of DC supplies, 
also known as common mode voltage, can be written as: 


Van = ~[WVan-Vaw) + (Ven-Ven) + Ven-Ven')] (11) 


the (6) and (7) can be expressed in term of switching states S4", Sp*, S4", S2*, Sftand S2* in a V, a° and Yq’ 
components of phase voltages. 


Voa = "E [2 (s4*- S2+) - (S4*- 83+) - (S4*- $2+)] (12) 
Veg = vas [(sp*- si") - (S2*- S2*)] (13) 


The switching states above are labelled using binary system method and can be expressed as (14). 


ç+- = 1 Indicates the upper/lower switch is ON 
x 


~ f 0 Indicates the upper/lower switch is OFF (14) 


Where superscript of y indicates the number of inverter 1 or inverter 2 and '+/—'represents the upper side 


(+) and lower side (-) of switches in each inverter as in Figure 1. 


Figure 1. Configuration of open-end winding induction motor supplied using dual-inverters 


By using the dual-inverter technique, each inverter has its own voltage vectors. With a proper 
arrangement and vectors mapping, the possible 64 voltage vectors can be mapped in 4 categories as in Figure 2. 
The 4 categories namely as short voltage vectors 0, ;, medium voltage vectors V,y ;, long voltage vectors Ùs, ; 
and null or zero voltage vectors, 0.7 9 ¥sz,9. The subscript of ‘i’ represents the number of vectors starting from 
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1 to 6. For example, the short voltage vector of Üss, has 6 combinations and the chosen combination is 
[000011]. Same situations for the medium voltage vector of Vy 4 is equal to [010100] and the long voltage 
vector of ¥,;,3 is [110001]. For the null of zero voltage vectors, there is no selection of number for voltage 
vectors as the superscript will be replace with 0 value. Above 64 vectors, only 20 vectors are chosen and 
grouped into 18 active voltage vectors and 2 null voltage vectors based on its suitability in terms of the better 
tangential component to the circular flux locus in each sector definitions. 


Figure 2. Voltage space vector structure of two-level inverters: (a) for inverter 1, (b) for inverter 2, and 
(c) combination of 64 voltage vectors 


3. OPERATION OF TORQUE USING PROPOSED TECHNIQUE 

The proposed technique block is added in the default DTC OEWIM as in Figure 3. The technique 
modifies the conventional inverter switching status into new switching patterns and will not affect the original 
concept of the DTC system. The basic configuration of DTC OEWIM is used, and the information on the inverter 
switching status from the look-up table, as in Figure 4, will be integrated with the high-frequency signal. 
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Figure 3. Structure of OEWIM DTC with inclusion of proposed technique 


The value of ‘K’ in Figure 4 denotes the constant value that needs to be set to cross the triangular 
waveform for generating the high pulsation of the square wave in a form of duty cycle. Next, the high pulsation 
square wave will integrate with the inverter switching of S4, S4, Sł, S2, SŽ and S2 from the look-up table to 
form the new switching pattern. The NOT-gates on each leg are needed as the inverted gate signals are 
connected to the lower side of the inverter. 
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Figure 4. Proposed technique configurations 


The following Figure 5 illustrates the behavior of the switching pattern and its effect on the torque 
performance for both the conventional and proposed technique. The solid black trace represents the 
conventional technique, and the blue trace is for the proposed techniques. Since the dual-inverter technique can 
utilize all 64 voltage vectors, thus this DTC system can select various types of voltage vectors between short, 
medium, and long voltage vectors depending on its demand and conditions of speed. For short voltage vectors, 
the amplitude of vectors can be indicated by of = +1, medium vectors, o} = +2 and long vectors, of = +3. 
During the conventional technique, the torque is controlled by the default switching states. The condition of 
torque will be in increment state, T} remain still until the active voltage vectors, V, touch the upper hysteresis 
band, HB, limit before started to select the zero-voltage vector, -V,, allowing the torque to move in decrement 
state, Tg . Due to this improper control, this torque can easily surge and cause large torque ripples. If the torque 
crossed the hysteresis band, it would choose reverse voltage vectors to ensure the sudden drop of torque so that 
it will maintain oscillates at torque reference. When the proposed technique is employed, the voltage vectors 
are now in a small voltage pulsation between active vectors, AV, and zero vectors, AV,. This pattern will allow 
the movement of torque can be properly controlled and limit the surge limit. As shown in Figure 5, the proposed 
technique allows the torque to move in a zig-zag pattern and limits the torque under the reference line (red 
trace). This advantage enables the DTC system not to generate the reverse voltage vectors, thus helping the 
torque to move in proper condition resulting in less oscillation and torque ripple disruption. 
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Figure 5. New switching scheme using proposed technique 


4. RESULTS AND DISCUSSION 
4.1. Parameters and settings 
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The proposed technique was simulated using MATLAB/Simulink and tested with hardware 
experimental for validation purposes. The induction motor used in this study with rated torque 4Nm and a flux 
of 0.8452 Wb. The parameters and specifications used for this experimental setup are shown in Table 1. The 
complete DTC OEWIM, shown in Figure 6, is set up to experimentally verify the proposed switching 
technique. A dual-inverter with a three-phase configuration drives the induction motor at both windings. This 
means the induction motor's standard wye or delta connection is open and fed with a power input from the 
inverter. The induction motor is coupled to the DC motor unit to act as a load and can be adjusted through the 
DC power supply. The main controller used in this setup is the dSPACE 1104 and the results are captured 
through the digital oscilloscope Tektronix DPO 3034. The dual inverter is powered up by 200 V in total which 
mean it is divided equally 100 V at both sides. In this study, the selected value for torque is approximately 
2 Nm. The process of capturing the results for both the conventional and proposed techniques is done by 
triggering the flag signal in the same windows. This technique is implemented for both simulation and hardware 
and it is important as to see the effectiveness of the proposed technique compared to the conventional method. 


Table 1. Induction motor parameters a -R S84 Digital 
Parameter Value — U ; I ne 
Induction Rated power, P 1.1 kW 
motor Rated speed, Wm rated 2800 rpm 
Stator resistance, R, 6.1.Q GSPACE 
Rotor resistance, R, 6.2293 Q 1104 
Mutual Inductance, Lyn 0.4634 mH Controller 


Rotor self-inductance, L, 0.47979 mH 
Stator self-inductance, Ls 0.47979 mH 
Number of pole pairs, p 2 


Speed Short voltage vectors 300 rpm 
conditions Medium voltage vectors 600 rpm 
Long voltage vectors 900 rpm 
Inverter Inverter 1 100 V 
setting Inverter 2 100 V 
Duty cycle, K 0.5 
Triangular frequency 10 kHz 


Figure 6. Experimental setup 


4.2. Simulation and experimental results 

The focus of this study is to observe the performance of torque ripple in the DTC-OEWIM as three 
types of voltage vectors are utilized. As shown in Figures 7 to 9 are the results for short, medium and long 
voltage vectors respectively. Each of the results has its full-scale size and a magnified version. Figure 7(a) 
shows the short voltage vectors employed to drive the induction motor. From the injected 200 V input voltage, 
the short vectors use 60 V to drive the induction motor. While medium vectors and long vectors utilized 
100 V and 160 V, as shown in Figures 8(a) and 9(a). From the figures, it can be observed that each type of 
voltage vector suffers from high torque ripples during conventional DTC and the torque ripples ramp up over 
the targeted estimated value 2 Nm. Due to this high ripple, there are many chances of torque to cross the hysteresis 
band limit, thus allowing the DTC system to select the reverse voltage vectors. Based on Figure 7(b), Figure 8(b), 
and Figure 9(b) shows that the phase voltage also suffers from massive noises and disturbance. 
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Figure 7. The simulation results of torque and voltage using short vectors (a) full scale and (b) magnified 
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Figure 8. The simulation results of torque and voltage using medium vectors (a) full scale (b) magnified 
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Figure 9. The simulation results of torque and voltage using long vectors (a) full scale and (b) magnified 


When the proposed technique is employed, the behavior of torque immediately improves and reduces 
its ripples. As shown in the magnified version in Figure 7(b), Figure 8(b), and Figure 9(b), the surge torque 
started to reduce, and the slope formed a linear zig-zag pattern. Furthermore, the increment and decrement of 
torque are now in a uniform pattern as it is now following the duty cycle pattern from the proposed technique. 
The condition of phase voltage also improves drastically as the noises from the previous state almost disappear, 
as shown in Figure 7(a), Figure 8(a), and Figure 9(a). The lab scale DTC OEWIM shown in Figure 6 is utilized 
for experimental results. The same measurement as simulation results where the short, medium, and long 
voltage vectors are tested with the conventional and proposed technique. Figure 10, Figure 11 and Figure 12 
shows the torque performance under short, medium and long-voltage vectors respectively. For short and long, 
these two voltage vectors shared the same direction but with different magnitudes. It shows both results suffer 
from high torque ripple at uneven rates during conventional technique and causing frequent selection of reverse 
voltage vectors as shown in Figure 10(a) and Figure 12(a). While for results that utilize the medium voltage 
vectors, the torque performance is affected in average ripples, as shown in Figure | 1(a). The same situation to 
phase voltage, where every type of voltage vector suffers in massive noise and frequent selection of reverse 
voltage vectors. The results started to improve for both torque and phase voltage when the proposed duty cycle 
technique was employed. The magnified version of torque performance in Figure 10(b), Figure 11(b) and 
Figure 12(b) started to reduce its surge and move in a uniform pattern following the duty cycle wave pattern. 
Noticeable that the reverse voltage vectors are not selected in the proposed technique in Figure 10(a), 
Figure 11(b), and Figure 12(b). 
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Figure 10. The experimental results of torque and voltage using short vectors (a) full scale and (b) magnified 
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Figure 11. The experimental results of torque and voltage using medium vectors (a) full scale and (b) magnified 
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Figure 12. The experimental results of torque and voltage using long vectors (a) full scale and (b) magnified 


5. CONCLUSION 

A simple and straightforward control method has been proposed to tune the surge torque ripples using 
a simple duty cycle control integrated with the inverter switching status. The proposed method changes the 
default inverter switching status into a new pattern of voltage vectors. It allows the torque to be controlled 
uniformly, thus helping in not selecting the reverse voltage vectors. The movement of torque in a uniform zig- 
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zag pattern allows the system to work in a proper sequence and not cross the hysteresis band limit. This method 
is workable for three types of voltage vectors, namely short, medium and long voltage vectors. This method is 
simple and tune able without changing the default DTC OEWIM. 
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